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Normally, the presence of low levels of histamine in the diet has little effect on humans health. However, ingestion of sufficiently high levels of histamine causes scombroid poisoning, in some instances even leading to death. 2 In a view of the possible harmful effect of histamine, scientists need to carefully investigate the concentration of histamine in foods. In the past years, several methods for the identification and quantification of histamine have been developed, such as high-performance liquid chromatography (HPLC) [3] [4] [5] [6] and gas chromatography-mass spectrometry methods 7, 8 etc.
Recently, capillary electrophoresis (CE) has exhibited powerful capability for the analysis of complex samples with many advantages, such as the high separation speed and efficiency, the relatively simple instrumentation and very low running costs. Liao et al. 2 has applied the CE with UV detection as a screening method to determine histamine in fish samples. Kovacs et al. 1 and Oguri et al. 9 made use of the CE with fluorescence detection to determine the histamine in food by the derivatization method. Arce et al. 10 directly detected the histamine in wine by integrating continuous flow clean-up and indirect UV detection. Nevertheless, there is no study on the determination of histamine in food by the capillary electrophoresis with electrochemical detection.
In this paper, the separation and detection of histamine by the capillary electrophoresis with amperometric detection is reported. The separation was performed in a 25 µm i.d. fused capillary, and the detection was carried out at a carbon fiber electrode by means of a two-electrode system. The method has been successfully used to determine the histamine in beer samples.
Experimental

Apparatus
The capillary electrophoresis with end-column amperometric detection was laboratory-built. 11 A ± 30 high-voltage DC power supply (Shanghai Institute of Nuclear Research, China) provided a voltage between the ends of the capillary. The injector electrode was kept at high positive potential. The electrochemical cell for detection was kept at ground. A 60 -65 cm of fused-silica capillary (Yongnian Optical Conductive Fiber Plant, China) with outer diameter of 360 µm and inner diameter of 25 µm was employed. Amperometric detection was performed using a two-electrode configuration. An 8 µm o.d. carbon fiber with an exposed length of 150 -300 µm was employed as the working electrode. The working electrode was constructed using the previously described procedure by Huang et al. 12 The carbon fiber microelectrode was inserted into the end of the capillary with the aid of a micromanipulator. Electrochemical detection was performed at a constant potential of 1.35 V versus an SCE reference electrode. The detection system was enclosed in a copper mesh Faraday cage to minimize the external noise.
Cyclic voltammetry was performed using a CHI660A electrochemical workstation (CH Instruments, Shanghai, China) in conjunction with a Pentium 350 computer. A two-electrode system was employed with Ag/AgCl electrode as the reference electrode.
Reagents and procedures
Histamine was purchased from Sigma (St. Louis, MO). Histamine stock solution (25 mmol/L) was prepared in 0.1 mol/L perchloric acid and diluted to the desired concentration in running buffer, and then stored in a refrigerator. Other chemical reagents were of analytical grade and were used without further purification. The running buffer was 10 mmol/L phosphate buffer solution (PBS pH 5.6). Beers were purchased from local supermarkets. All experimental solutions were filtered through a polypropylene filter (0.22 µm) and centrifuged for 5 min. Beer samples were centrifuged for 5 min after removing the gas, and then directly injected electrokinetically without any other sample clean-up procedures. The capillary was rinsed with 0.1 mol/L NaOH, 0.1 mol/L HCl, and the running buffer for 10 min sequentially before use.
Samples were injected electrokinetically at 15 kV for 5 s. Separations were carried out at an applied voltage of 15 kV.
Results and Discussion
Characterization of histamine cyclic voltammetry
Background-subtracted cyclic voltammograms of 50 µmol/L histamine recorded at the same carbon fiber electrode in the supporting electrolyte of seven different pH values are shown in Fig. 1 . The oxidation of histamine at the carbon fiber electrode is strongly dependent on the pH of the supporting electrolytes. The initial oxidation potential of histamine decreases with the increase of the pH value of the supporting electrolytes, and the oxidation current increases with the increase of the pH value of the supporting electrolytes. This occurrence might be due to the oxidation mechanism of histamine at the carbon fiber electrode (Scheme 1).
Effect of the potentials applied to the working electrode
The potentials applied to the working electrode directly affect the sensitivity and detection limit of this method. Figure 2 shows the relationship between the peak current (I) and the applied potential (E). The detected peak current increases with the applied potential. However, an applied potential greater than 1.35 V vs. SCE results in higher background current. Therefore, 1.35 V is suitable for detection because of the lower background current and the greater detected peak current.
Effect of capillary pretreatment
The electroosmotic mobility in fused silica capillaries is known to have a sigmoid relationship with pH. At the low pH, the ionization of the surface silanol groups is suppressed and the electroosmotic flow approaches zero.
Under alkaline Scheme 1 conditions, the silanol groups are fully charged and the electroosmotic flow (EOF) reaches a plateau value. 13 Different capillary pretreatments result in different charges on the capillary surface. Figure 3 shows the electropherograms of histamine when the capillary was treated differently. It can be seen from Fig. 3b that the peak of histamine exhibits strong tailing, the peak current decreases dramatically, and the migration time of histamine increases when the capillary was rinsed with 0.1 mol/L NaOH for 2 min and the running buffer for 2 min. Such experimental results might be due to the strong adsorption effect (histamine is protonated at pH 5.6). However, the peak efficiency resumes rapidly when the capillary was treated with 0.1 mol/L HCl for 2 min followed by 2 min rinsing with the running buffer (as shown in Fig. 3c ). In practice, the treatment of capillary with 0.1 mol/L NaOH, 0.1 mol/L HCl and the running buffer for 10 min sequentially, can make the capillary last 8 h without significant decrease of peak efficiency.
Effect of the pH value and concentration of the running buffer
The acidity of the running buffer plays a key role in CE because of its effect on the electroosmotic flow as well as the over-all charge of the analytes. Therefore, it is important to investigate its influence on CE to obtain the optimum pH value. The effect of the pH value of the running buffer on the peak current and the migration time of histamine is shown in Fig. 4 . It is observed that the peak current reaches a maximum at pH 5.5 -5.9 and then decreases; the migration time decreases to a minimum at pH 5.5 -5.9 and then slightly increases when the pH value is varied from 4.7 to 7.6. We also investigated the 1118 ANALYTICAL SCIENCES OCTOBER 2002, VOL. 18 change of the electroosmotic mobility over the pH range of 4.7 -7.6 by using neutral marker. It was found that the electroosmotic mobility increases from 4.7 to 5.5 and then levels off. This phenomenon presumably was due to the pH hysteresis effect. 12 Therefore, the migration time of histamine decreases from pH 4.7 to 5.5 because of the increasing EOF rate. However, the migration time of histamine slightly increased from pH 5.9 to 7.6 owing to the dissociation of histamine which decreases the over-all charges of histamine that determine the electrophoretic mobility (the dissociation constant of histamine are pKa1 6.14, pKa2 9.85). 14 The weaker the acidity of the running buffer, the less the positive charges of histamine molecules, which cause a slightly longer migration time. Therefore, the lowered peak current at pH 4.7 is likely to be a consequence of the higher initial oxidation potential of histamine (as shown in Fig. 1 ), the decrease of peak current from pH 5.9 to 7.6 is presumably due to the lower amount of sample as the result of decreased electrophoric mobility. Therefore, PBS with pH 5.6 was selected as the optimum running buffer.
In addition to the pH value, the concentration of the buffer is another important factor. The dependence of the peak current and the migration time of histamine on the concentration of the buffer was studied in the range of 5 -40 mmol/L. The experimental results indicate that the migration time increases with the increase of the running buffer concentration, as the thickness of the electric double layer becomes thinner and the ξ-potential becomes smaller. However, the peak current and the background current decrease with the increase of the running buffer concentration, this occurrence may be caused by the greater effect of the high voltage on the working electrode because of the higher conductivity of higher running buffer concentration.
Considering the sensitivity and the migration time of histamine, we chose 10 mmol/L PBS (pH 5.6) as the running buffer in our experiments.
Effect of separation voltage and injection time
Separation voltage is a very important separation parameter. For a given capillary, the separation voltage affects the electric field strength, which in turn affects the velocity of EOF and the migration time of the analytes. 15 Figure 5 illustrates the effect of the separation voltage upon the amperometric response and the migration time of histamine. As expected, increasing the separation voltage dramatically decreases the retention time of histamine. However, the higher electric field results in the smaller amperometric signal, the similar background current and the larger background noise. This can be understood since the higher electric field results in larger shift of the working electrode potential, 16 which causes smaller amperometric signal and similar background current. Considering the peak current and the analytical time, we chose 15 kV as the optimum separation voltage to accomplish a good compromise.
The injection time determining the amount of the sample affects the peak current and the peak profile. The effect of the injection time on CE separation was investigated (as shown in Fig. 6 ). The peak current increases with increasing the sampling time simultaneously. When the injection time is more than 5 s, the peak current levels off and the peak efficiency decreases. So, 5 s (15 kV) is selected as the optimum injection time.
Reproducibility, linearity, and detection limit of histamine
The reproducibility of peak current and migration time of histamine in this experiment were investigated by repeating (n = 5) injections of a standard solution of 2.5 × 10 -6 mol/L histamine in the running buffer under the optimum conditions. The relative standard deviation (RSD) of the peak current and the migration time are 3.5% and 1.2%, respectively. An excellent linear relationship holds between the peak current and the concentration in the range of 6.3 × 10 -7 -1.5 × 10 -5 mol/L (r = 0.9997). The linear regression equation is I (nA) = 0.83C (µmol/L) + 0.34. The detection limit is 4.0 × 10 -7 mol/L (ratio of signal-to-noise of 3). Figure 7 displays the electropherogram of 2.5 × 10 -6 mol/L histamine which was prepared in a beer sample and that of the running buffer. As expected, the peak shape of histamine prepared in the beer is sharper than that of histamine prepared in the running buffer due to the ionic strength of the beer being lower than that of the running buffer and the viscosity of the beer being bigger than that of the running buffer. However, the concentration of histamine in the beer can be successfully analyzed by using the standard addition method, which allows one to eliminate the matrix effect. Figure 8 shows the 1119 ANALYTICAL SCIENCES OCTOBER 2002, VOL. 18 electropherograms of a beer sample and of a beer sample spiked with histamine. The concentrations and the recoveries of histamine in different beers are listed in Table 1 . The results indicate that the histamine level is generally low in all the beer samples; therefore, the beers do not produce clinical symptoms. 5 ANALYTICAL SCIENCES OCTOBER 2002, VOL. 18 
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